Introduction
Diode lasers were first realized in 1962, only two years after the invention of the laser [1] . But it took roughly one decade to operate these lasers continuous-wave at room-temperature and another 1 -2 decades to scale the output power to replace lamps for solid-state-laser pumping or to do some (less ambitious) direct material processing. Since then, there has been a continuous improvement in output power and brightness by improving the single laser, optimizing the cooling, and by more and more sophisticated optics. The beam quality of diode lasers developed remarkably in the last decade allowing their usage for deep-penetration welding and for the even more demanding metal-cutting. This development makes these highly efficient and compact devices direct competitors of CO 2 and solid state lasers in the most important laser applications.
Fundamentals
Diode lasers -or more generally, semiconductor lasers -are quite different from all other solid-state lasers. The energy states involved in the laser process are those of the crystal. This has several important consequences: Depending on the composition of the semiconductor crystals the emission wavelength can be chosen anywhere between the near ultraviolet and the mid-infrared spectral range (with some gaps in between). In addition, these transitions are tunable over roughly 10nm. p-and n-doping allows electrical pumping. The high density of states in combination with a high oscillator strength results in extremely short absorption and gain lengths of well below a micrometer. In addition, all parts needed for a laser can be monolithically integrated: the active region, the laser resonator and mirrors, and the pump (the p-n junction). So the typical size of the entire diode laser can be of the order of 1 mm³, which makes these lasers extremely robust. The downside of this extremely small active volume and high photon-and charge-carrier densities are strong non-linear effects that make it practically impossible to realize high-power lasers with diffraction-limited beam quality. Nevertheless, ways to scale up the output power and brightness have been developed -and are still being developed -so that their brightness easily exceeds the brightness of the former rod-type solidstate lasers and meanwhile approaches the brightness of e. g. standard disk lasers.
Although it is usually not silicon, the basic material used in microelectronics, which is used in optoelectronic devices, diode lasers can be produced in a similar way in mass production at correspondingly low cost.
Energy bands
In solids the discrete energy levels of the atoms, that constitute the lattice, split because of the interaction of the closely spaced atoms and form quasi-continuous energy bands ( Figure  2 ) extending over the whole crystal. The available states can only be occupied once by the electrons and are filled up to the socalled Fermi energy E F , which defines at low temperatures the border between the occupied and the empty energy levels. In semiconductors and insulators the available number of states and electrons is such that the highest occupied band (the valence band) is (at 0 K) completely filled and the next band (the conduction band) completely empty. In-between is the bandgap. This is small in semiconductors so that some electrons from the valence band can be thermally excited into the conduction band at higher temperatures. Their thermal distribution on the available states (with energy E i ) is described by the Fermi-Dirac distribution.
The missing electrons in the valence band behave like positively charged particles with negative effective mass, the "holes". So the excitation of an electron from the valence band into the conduction band can be considered as creation of an electron-hole pair, the opposite transition as recombination of an electron-hole pair. In these (not completely filled bands) the electrons as well as the holes can move around without any losses pretty much as electrons in free space.
Doping and p-n junction
The big advantage of semiconductor lasers is that they can also be excited electrically. To get a sufficiently large conductivity and to populate the levels in the conduction and valance band as needed to realize an inversion for a certain energy interval near the band-gap energy, the semiconductor has to be partly doped with electron donors and acceptors, respectively. One adds a small amount of atoms with one electron more or less than the atom being replaced. The extra electron of the donor will easily escape into the conduction band, the acceptor will easily accept an electron from the valence band (it will release a hole into the valence band). Correspondingly, the Fermi energy moves closer to or even into the conduction/valence band. When growing an n-doped layer on a p-doped layer or vice versa, the conduction-band electrons of the n-region can move into the p-region and the holes of the p-region can move into the n-region where they annihilate. Left are the positively charged dopants in the n-region and the negatively charged dopants in the p-region, the depletion region. This causes an electrical field which prevents further electrons and holes to move to the other side. The electrical field acts like a potential-well for the charge carriers. The energy step (band bending) in such a p-n junction is exactly so large that the Fermi energy is the same anywhere in the crystal and especially near the p-n junction. The corresponding build-in voltage is ΔE F .
Applying an external voltage to the p-n junction (in "forward" direction) equal to the build-in voltage makes the potential well disappear, and electrons and holes can move across the p-n junction and (ideally radiatively) combine with the holes and electrons there. This is the basic idea of a Light-Emitting Diode (LED) or laser diode.
Introducing a thin layer in the center of the junction with a smaller bandgap captures the electrons and holes in a small volume and maximizes the inversion and hence the chances for high radiation recombination rates. This is the so-called hetero-junction laser, illustrated in Figure 3 , showing the energy bands across such a structure. The materials involved in this example are n-doped Al x Ga 1-x As for the n region, p-doped GaAs for the intermediate layer with reduced bandgap, and p-doped Al x Ga 1-x As for the p-region.
A further development of the hetero-junction concept is the Quantum-Well (QW), a layer in the p-n junction with a thickness of few atomic layers which allows the carriers to move in two dimensions only. By this, the threshold is further reduced; the differential gain is higher and less temperature dependent. While thicker layers must have matching latticeexpansion coefficients to avoid dislocations and non-radiative losses, a small number of QWs with different expansion coefficients can be incorporated without detrimental effects to the crystal quality and the radiative efficiency. On the contrary, the resulting strain can be used to modify the band structure and thereby to increase gain and radiative efficiency further. 
The laser condition
In order to get a laser and not "just" an LED, stimulated emission has to be favored against spontaneous emission. This is done by adding a resonator that feeds part of the (at the beginning spontaneously) emitted photons back into the active layer to enhance the stimulated process which is proportional to the number of stimulated photons. In the simplest case the resonator consists of two plane mirrors on either side of the gain medium, one highly reflective, and the other -the out-coupling mirror -partially transmissive.
The steady-state laser condition is fulfilled if the total gain per roundtrip is one i. e. the number of photons is preserved:
R 1 and R 2 are the intensity-reflectance of the two cavity mirrors, g is the gain, α loss the (passive) loss, and L is the length of the resonator. The laser threshold is reached if the gain g just cancels the resonator losses including out-coupling. If the pumping is increased further, the carrier density N and the gain will stay constant, instead the stimulated emission will go up linearly with the injection current I, and with it the laser output: with I thr being the pump current at threshold and η sl the slope efficiency in W/A (Figure 4 ). The dynamic behavior of the diode laser can be quite intuitively described by the rate equations: The carrier density N increases with the pump rate I/q and decreases with the electron-hole decay rate (the inverse of the electron-hole lifetime τ). The photon density φ increases with the stimulated emission rate and a small part β of the spontaneous emission which is emitted into the laser mode, and decreases with the photon decay rate (the inverse of the photon lifetime in the cavity t cav ):
Inserting typical parameters and solving the partial differential equations numerically, one finds nice relaxation oscillations when abruptly turning on the pump. But because of the short time constants and the small geometries involved, these relaxations dampen typically within a nanosecond ( Figure 5 ). 
Materials and available laser wavelengths
By choosing the proper material or composition one can address almost any wavelength from mid IR to near UV. When growing different crystals with different band gap or index of refraction on top of each other, their lattice should match in order to avoid non-radiative losses at dislocations and other lattice faults. This is why it is useful to plot the bandgap energy E g versus the lattice constant a, as shown in Figure 6 . This works very nicely with the ternary system Al x Ga 1-x. As where the band gap energy can be adjusted between 1.4 and ~2 eV depending on the aluminum content with almost no change in the lattice constant. In other material systems one can use quaternary compositions where one has two degrees of freedom to choose bandgap energy and lattice constant independently. Another option is to compensate lattice mismatch in one (thin) layer by the opposite mismatch in a neighboring layer.
Diodes with the highest output powers are based on In-Ga-Al-As (grown on GaAs) and emit near 1 µm.
Surface-Emitting Lasers
One possibility to arrange the laser resonator is to have its optical axis normal to the p-n junction (vertical cavity), i. e., the resonator mirrors parallel to the junction (surface emitting), hence the name VCSEL (Vertical-Cavity Surface-Emitting Laser, (Figure 7, 8 ). Since the gain length is a few nanometers only, the resonator losses have to be extremely small, and the reflectance of the mirrors correspondingly high. This is typically realized by stacks of quarter-wavelength thick crystalline layers of alternately low and high index of refraction, but similar lattice constant, e. g., GaAs and AlAs (DBR, Distributed Bragg Reflector). Of course, the energy of the laser photon has to be lower than the bandgap energy of GaAs (and AlAs), which is the case for InGaAs QWs. Since the QW layers are much thinner than the wavelength of the laser radiation, one has to make sure that they are placed near the maxima of the standing wave.
Difficulties with this design, especially in view of power scaling, are:
1. The current has to pass through the DBRs, the ohmic loss scales with the square of the current while the laser power scales only linear with current.
2.
The waste heat has to pass through the DBR
The upper electrodes should allow the out-coupling of the laser beam and at the same time should allow getting the current to the central area of the active layer. (1) and (2) set a relatively low limit to the average power density that can be extracted from a VCSEL, but allow power scaling proportional to the active area. (3) Sets a limit to the maximum area and thereby the maximum power that can be extracted from a VCSEL. [7] .
From an emitting area of 5 mm x 5 mm of a VCSEL array, a cw output power of 230 W could be achieved at 310 A / 3 V [7] . Typical linewidth is < 1 nm (FWHM). From a pump module with 138 mm x 5 mm active area a cw output power of 4 kW at 976 nm was demonstrated with an input of 130 V, 80 A [6] . Of course, this is highly multimode, intended for pumping solidstate lasers. Single-mode emission is limited to active areas of a few micrometers in diameter because of the short cavity and hence to a few milliwatt output power. In principle, this can be circumvented by using an external resonator (VECSEL, vertical-external-cavity surfaceemitting laser) [8] or a photonic crystal lattice [14] . What remains is the problem of the upper electrode which would be now within the resonator and limits the available output power of these devices to ~1 W [8, 14] . Further power scaling (presently up to some 20 W single mode, 100 W multimode) is possible with optical pumping [9] (See also chapter on semiconductor disk lasers).
Advantages:
• Using (oxide) apertures ( Figure 6 ) one can easily get single-mode, single-frequency operation (limited to a few Milliwatt).
• The rotationally symmetric, low-divergence output beam can be easily and efficiently coupled into single-mode fibers.
• The modulation bandwidth can exceed 10 GHz.
• The relatively low power density on the out-coupling mirror results in highly reliable devices.
• 2-D power scaling on the wafer is possible.
Edge-Emitting Lasers
The resonator is collinear with the p-n junction ( Figure 10 ). The cleaved edges of the crystal can be used as resonator mirrors with the appropriate coatings or even uncoated. Historically this was the first diode-laser design. These lasers worked in pulsed mode with cryogenic cooling only. The breakthrough, cw room-temperature operation, came with the above mentioned hetero structure [11] (Nobel Prize to Alferov and Kroemer in 2000). The trick is to confine both, the charge carriers and the photons normal to the junction plane to a small area around the junction.
The electrons and holes are usually confined to one or two QWs, sheets of gain material of some 10 nm width near the p-n junction to minimize the active volume. By this, the absolute number of carriers needed to reach threshold i. e., the threshold current, is minimized. To maximize the interaction between the (laser) photons and the carriers in the QWs, the photons have also to be confined to a small volume around the QWs. Since the wavelength of the photons is roughly two orders of magnitude larger than the wavelength of the electrons, the thickness of such a waveguide will be of the order of 0.1 µm to 1 µm. The situation in a forward biased hetero-junction is shown in (Figure 11a ) for the carriers (with the thickness of the QWs largely exaggerated) and in (Figure 11b ) for the guided radiation field. When calculating the gain in such a system, one has to take into account that only a small part of the radiation field interacts with the carriers in the QWs by multiplying the gain constant with a so-called Г factor which is of the order of 0.1 to 0.01.
The discussion so far referred to the confinement normal to the p-n junction. This is standard in practically all edge-emitting laser diodes. But a similar confinement may also be useful within the junction plane depending on the application. To get maximum output power from such a device, gain guiding is usually applied. This is realized by simply putting an electrode on top of the p-n junction. The resulting current distribution translates into a gain distribution and this in turn has weak guiding properties. If a single-mode or even single-frequency laser is intended, index guiding in both waveguide dimensions is favorable ( Figure  12 ). The growth process involves an additional etch and regrowth step. Doping exclusively the central region funnels all the carriers through the active layer region. The higher is the band gap, lower-index region (AlGaAs in Figure 11 ) both vertically and laterally around the gain region (InGaAs/GaAs) results in real 2-D wave guiding. If the lateral width of the waveguide does not exceed some 5 µm, the emitted radiation is truly single mode, although with different divergence normal to the p-n junction (large NA, "fast axis") and in the p-n plane (smaller NA, "slow axis").
For single-frequency operation an additional frequency-selective element inside or outside the resonator is needed. An example is the DFB laser with an integrated Bragg grating ( Figure  13 ). 
Power Scaling
There are mainly two limitations for power scaling:
1) In case of edge emitting lasers, the power density on the laser facets should not exceed the threshold for catastrophic damage.
2) The waste heat has to be extracted. This is especially important for semiconductor lasers which should not be heated beyond 400 K for best radiative efficiency.
Laser diode bars eBooks
A typical value for catastrophic optical damage is 100 mW per micrometer width of the emitting aperture (Figure 14) . Of course, this depends strongly on the material system, surface passivation etc.
Figure 14:
Example of a Quantum-Dot broad-area laser of 100 µm x 2 mm. Max. Output power 6.3 W cw (left), 9.5 W pulsed (100µs pulse duration, 20Hz, right). Maximum mirror load at 86 mW/µm cw and 108 mW/µm pulsed [10] .
Since higher-order modes can oscillate if the width of the waveguide exceeds some 5 µm, the output power of single-mode lasers is limited to roughly 1 W. Power scaling is accomplished by increasing the lateral width of the waveguide (broad-area laser). Typical values are 100 or 200 µm. These lasers can be placed on a laser bar of 10 mm width with a fill factor of 50% for cw operation (Figure 15 ). For quasi-cw lasers (as typically used for pumping of pulsed solidstate-lasers) the fill factor may approach 100%. A quite impressive result has been published by Spectra Physics already in 2007 [13] . Heat sinking is with Cu micro-channel coolers on both sides resulting in a thermal resistance of 0.08 K/W. Commercial laser bars have output powers between 100 and 200 W (Figure 16 ). A disadvantage of laser diode bars is that the beam propagation factor M² or the beam parameter product is extremely different for slow and fast axis. On the fast axis the beam is almost diffraction limited (M² < 1.2), on the slow axis highly multimode, maybe thousand times diffraction limited (M² ~ 1000). So unless one needs a line focus it may be advantageous to optically stack the individual broad area lasers in the fast axis. By this, M² in the slow axis is reduced, e. g., by a factor of 50 (width is reduced from 10 mm to 0.2 mm); M² in the fast axis is increased by the same factor. The result is a similar M² in both directions, which is advantageous for fiber coupling and many other applications. An example for this is shown in (Figure 17 ) where 10 single emitters are spatially combined to a beam with 75 W and an average beam parameter product of 7.5 mm mrad. 
Heat extraction
The heat generated in the active area has to be efficiently transferred to the surface of the semiconductor. This can be done by removing the substrate to get the heat spreader/ sink as close as possible to the active area. The heat spreader should be made of highly thermally conductive material (ideally diamond), to distribute the heat across a larger area where possible. The heat sink then should pass the heat to some cooling medium, most often water. There are various designs for such heat sinks. For example, impingement coolers, micro-channel coolers ( Figures: 18,19) , force-fed evaporation and condensation [16] etc. The minimum heat resistance is 0.5 K/W for a 10 mm² device. If one accepts a temperature rise of 50 K, this is good for 100 W heats out of 10 mm² large device. With 30 -40% of the pump power ending up as heat, this translates into a possible laser power of Ca 200 -300 W.
However, micro-channel coolers offer a limited life-time of ~10,000 hours only, due to high abrasion, caused by high flow velocities and electro-chemical processes, since the water is in direct electrical contact with the p-electrode. Due to the later fact only deionized water can be used which in return increases the chemical aggressiveness of the water.
Recent developments try to avoid micro-channel cooling ("active" cooling) in favor of "passive" cooling with macro-channels, which are electrically isolated from the laser diodes. The drawback of this concept is a slightly decreased heat removal capacity and therefore somewhat reduced laser power per bar (e.g. 180 W instead of 200 W) [19] . (Figure 20) shows a diode laser for pumping applications from the company TRUMPF. It uses 12 laser-diode bars centrally mounted on the cooler. This central mounting increases heat conductivity (no temperature peak at the edge as in the case of a micro-channel-cooler as shown in ( Figure  16 ) but needs a special optical element (prism-FAC) to "extract" the light [19] . An important advantage of this solution is that no deionized water is needed and that the pressure drop is much lower, which significantly simplifies cooling, due to a broader available material-range for the cooling circuit, less leakage, and smaller pumps. The power is 180 W per bar, altogether 2.2 kW at 940 nm, the most common pumping wavelength for Yb lasers. A more efficient pumping wavelength is 969 nm, which is also realized on this platform, however with external wavelength stabilization (a Volume Holographic Grating, VHG) [20] since the demands on center wavelength and spectral width are much higher than for 940 nm pumping.
Multiplexing of laser diode bars
If more power is needed, several bars can be stacked. The M² on the slow axis is preserved (at a very high level), the M² on the fast axis will be increased by at least the number of bars stacked ( Figure 21 ). The beam of each bar is collimated on the fast axis with an individual high-NA cylindrical (micro) lens (FAC-lens, Fast Axis Collimation Lens) such that the resulting beam has a fill factor close to one. This is followed by the slow-axis collimation with another cylindrical (macro) lens. This is an example of geometrical multiplexing where several beams are placed side by side either in "normal" space ("near field", ΔxΔy) or in the corresponding Fourier space ("far field", Δp x Δp y, Δk x Δk y , or Δϴ x Δϴ y ). In the best case, power and phase-space volume element (defined as ΔΩ = ΔxΔyΔzΔp x Δp y Δp z ) grow by the same factor, the brightness (power density per solid angle) will stay constant [18] .
If there is no strict specification of the wavelength, the option is to superimpose beams with slightly different wavelengths. In the past, this has been done with a dichroic mirror to combine the collimated beam of, e. g., an 808-nm stack and a 940-nm stack. Figure 22 shows one example of the company Trumpf [21] with the wavelengths 938, 969 and 1000 nm. Here 6 Diode-lasers are combined and the power is 6kW and the beam quality 60mm mrad. Two modules are geometrically stacked and then three wavelengths combined. A variant has lower power (4500W) but better BPP (30 mm x mrad). After wavelength combining the output power can be switched between 2 laser light cables (yellow in the picture below). A much more sophisticated version of spectral multiplexing has been developed by the founders of Teradiode [20] . The superpositioning and wavelength stabilization is done within the common external diode laser resonator using a diffraction grating (Figure 23 ). So the purpose of the grating is twofold:
1) The feed-back from the grating into each of these diodes locks them to a specific wavelength (depending on their position)
2) Combining the beams of diode lasers coming with different wavelengths from different positions in the far-field.
Since both is actually the same mechanism, it is self-aligning. If, for example, one of the diodes moves, it will get the feed-back for a slightly different wavelength, which automatically is exactly the wavelength needed for perfect super positioning in the far-field. Commercially offered (Jan. 2014) by Teradiode are 2 kW out of a 100-µm fiber (~7.5 mm mrad) or 500 W out of a 50-µm fiber (~3.75 mm mrad) with a wavelength range 20 nm/kW.
